Introduction
============

Square-planar d^8^ platinum([ii]{.smallcaps}) polypyridine complexes have been reported to display a strong tendency towards the formation of highly-ordered structures in the solid state *via* metal--metal and aromatic ligand π--π stacking interactions and to exhibit intriguing spectroscopic properties.[@cit1]--[@cit10] A particularly interesting class of platinum([ii]{.smallcaps}) complexes is the alkynylplatinum([ii]{.smallcaps}) terpyridine complexes. With enhanced solubility in common organic solvents and/or aqueous media, these complexes can undergo self-assembly/disassembly in solutions.[@cit3],[@cit4b],[@cit4c],[@cit6a],[@cit6c]--[@cit6f],[@cit8] Since their self-assembly/disassembly processes can be readily modulated by changes in the microenvironment,[@cit3]--[@cit7],[@cit8c] alteration of the non-covalent interactions between the cationic alkynylplatinum([ii]{.smallcaps}) terpyridine complexes and biomolecules, such as proteins, single-stranded nucleic acids, aptamers and heparin, has been found to result in remarkable UV-vis absorption and near-infrared (NIR) emission spectral changes.[@cit9c]--[@cit9e] In particular, such NIR emission spectral changes are advantageous for non-invasive fluorescence microscopy,[@cit11] enabling this class of complexes to serve as spectroscopic reporters for label-free detection of biomolecules and/or probing of enzymatic activities.[@cit9c]--[@cit9g],[@cit10] However, the underlying detection principles are mainly based on the perturbation of the self-assembly/disassembly processes of the metal complexes *via* non-covalent interactions, which may lead to a loss in selectivity towards target analytes in complex biological fluids due to the non-specific interactions between the metal complexes and other biomolecules present in the physiological milieu.

Significant improvement in the selectivity for biosensing has been accomplished with the use of two-component supramolecular ensembles based on the alkynylplatinum([ii]{.smallcaps}) terpyridine complexes and conjugated polyelectrolytes (CPEs).[@cit10] CPEs are π-conjugated polyelectrolytes which show strong absorption and fluorescence properties similar to those of conjugated polymers.[@cit12]--[@cit18] With the amplified fluorescence quenching properties,[@cit12a] CPEs have demonstrated their potential applications in chemo- and biosensing with excellent selectivity based on the changes in their luminescence properties upon their interactions with analytes.[@cit12b]--[@cit12f],[@cit14] Yet, non-specific interactions with miscellaneous macromolecules present in physiological milieu would be a problem for CPEs to achieve good selectivity towards the target analytes.[@cit15] This challenge for CPEs in biosensing, which would also possibly be observed in the studies of platinum([ii]{.smallcaps}) complexes, can be overcome by the use of two-component ensembles of alkynylplatinum([ii]{.smallcaps}) terpyridine complexes and CPEs.[@cit10] An efficient Förster resonance energy transfer (FRET) from CPEs to alkynylplatinum([ii]{.smallcaps}) terpyridine complexes has been shown to occur only upon the formation of polymer--metal complex aggregates with Pt···Pt, electrostatic and π--π stacking interactions due to the variation in the electronic absorption properties of the monomeric and the aggregated platinum([ii]{.smallcaps}) complexes.[@cit10] Addition of target analytes has been found to result in drastic emission spectral changes of the ensemble, constituting a highly sensitive detection.[@cit10] In addition to electrostatic and hydrophobic interactions,[@cit10] extra stabilization from Pt···Pt and π--π interactions gives rise to the formation of stable polymer--metal complex aggregates, thereby non-specific interactions from miscellaneous macromolecules would not be strong enough to destroy the aggregates and an improved selectivity towards target analytes could be achieved.

More recently, the photophysical properties of two-component ensembles of alkynylplatinum([ii]{.smallcaps}) complexes with 2,6-bis(benzimidazol-2′-yl)pyridine (bzimpy) as the tridentate *N*-donor ligand and CPEs have been studied.[@cit19] Despite the fact that alkynylplatinum([ii]{.smallcaps}) bzimpy complexes can undergo self-assembly in solutions similar to that of alkynylplatinum([ii]{.smallcaps}) terpyridine complexes,[@cit19]--[@cit21] the energy levels of the intraligand and the charge transfer excited states of this class of complexes are significantly different from those of the terpyridine counterparts.[@cit20a] In addition to FRET, the photophysical properties of the two-component ensembles were also governed by photo-induced charge transfer and Dexter triplet energy back-transfer, which are related to the HOMO--LUMO energy gaps and the triplet energies of individual components.[@cit19] Therefore, the circumspect and sagacious design and choice of their chemical structures would allow the fine-tuning of the extent of fluorescence quenching of the CPEs and photo-sensitization of the triplet metal--metal-to-ligand charge transfer (^3^MMLCT) emission of the platinum([ii]{.smallcaps}) complexes. On the other hand, CPEs of different conformations have been found to show different binding constants with platinum([ii]{.smallcaps}) complexes owing to the differences in spatial interactions among the two chemical species.[@cit19] Through the optimization of the photophysical properties and excited state energies, as well as the conformations and supramolecular architectures of the CPEs and alkynylplatinum([ii]{.smallcaps}) bzimpy complexes, the two-component ensemble of *meta*-linked *m*PPE-Ala and \[Pt(bzimpy-Et){C0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000CC~6~H~4~(CH~2~NMe~3~-4)}\]Cl~2~ (**1**) ([Scheme 1](#sch1){ref-type="fig"}) has been shown to exhibit very efficient FRET and photo-sensitization of the ^3^MMLCT emission of the aggregated alkynylplatinum([ii]{.smallcaps}) bzimpy complexes.[@cit19] Moreover, stronger interactions between the CPE and alkynylplatinum([ii]{.smallcaps}) bzimpy complexes have been observed, as compared to the reported two-component ensembles between CPEs and the terpyridine counterparts.[@cit10] All these features suggest that the ensemble of *m*PPE-Ala and **1** would exhibit superior selectivity and sensitivity for label-free detection of target analytes.

![(Top) Chemical structures of the water-soluble platinum([ii]{.smallcaps}) bzimpy complex **1**, *m*PPE-Ala and G-quadruplex. (Bottom) Structural formulae of *c-myc* and human telomeric DNA.](c5sc04563k-s1){#sch1}

G-Quadruplex DNAs are of widespread interest as they are specifically enriched in the telomere, oncogene promoters, growth control genes across the chromosomes, and transcriptome of human cells.[@cit22] It is noteworthy that the folded structures of G-quadruplex DNAs are highly dynamic in nature. The DNAs can fold into different topologies at different temperatures, pHs and concentrations of Na^+^ and K^+^ ions, as well as in the presence of a diversity of biomolecules and cell organelles which is generally known as "molecular crowding (MC) conditions".[@cit23],[@cit24] For example, human telomeric DNA can readily fold into an intramolecular propeller parallel G-quadruplex structure under MC conditions[@cit24c] which acts as an important target for anti-cancer therapy and other diseases,[@cit25],[@cit26] whereas formation of double-stranded structure with its complementary sequence can be observed under physiological conditions.[@cit27] As a result, there is an urge for not only the sensitive detection of G-quadruplex DNAs, but also the determination of their conformations and folding topologies, as well as their dynamic conformational and topological transitions. Although a number of luminescence probes for G-quadruplex DNAs have been reported,[@cit28]--[@cit30] further improvements on the sensitivities of the assay methods would be desirable as micro-molar range of G-quadruplex DNAs was required to initiate the changes in the luminescence properties of these probes for signaling. Moreover, none of them have been demonstrated for the detection of conformational and topological changes of G-quadruplex DNAs under MC conditions. This might be attributed to the high threshold of the luminescence probes to achieve a high specificity and selectivity towards a particular folding topology of G-quadruplex DNAs. In view of the high binding affinity of square-planar metal complexes towards DNAs,[@cit31] it is anticipated that a particular folding topology of G-quadruplex DNAs can interact with **1** strongly, resulting in the disassembly of *m*PPE-Ala--**1** aggregates. Based on the very efficient FRET and photo-sensitization of ^3^MMLCT emission of **1**, the disassembly should result in remarkable emission spectral changes and allow the detection of G-quadruplex DNAs with that particular folding topology in a highly sensitive manner. This, together with the large association constant of *m*PPE-Ala and **1**, would require specific interactions for the deaggregation of this two-component ensemble. Thus, a highly selective detection of a specific folding topology and the monitoring of conformational and topological changes of G-quadruplex DNAs are anticipated. Herein, we present the FRET study of the two-component *m*PPE-Ala--**1** ensemble in the presence of G-quadruplex DNAs, and demonstrate a "proof-of-principle" concept for the label-free detection of intramolecular propeller parallel folding topology of G-quadruplex DNAs by monitoring the changes in the luminescence properties of the ensemble. Exploitation of the ensemble in probing the conformational and topological changes of G-quadruplex DNAs under MC conditions has also been investigated.

Results and discussion
======================

Induced self-assembly and FRET studies of platinum([ii]{.smallcaps}) complex with *m*PPE-Ala
--------------------------------------------------------------------------------------------

The photophysical and self-assembly properties of the two-component ensemble formed by *m*PPE-Ala and **1** in aqueous buffer solution (5 mM Tris--HCl, 50 mM KCl, pH 7.4) were investigated. A buffer of high K^+^ ion content was employed in the present study because high concentration of monovalent cations, especially K^+^ ions, has been reported to stabilize G-quadruplex DNAs to a greater extent and similar buffer solutions were employed in the reported studies of G-quadruplex DNAs in the literature.[@cit10],[@cit30b]--[@cit30e] The UV-vis absorption spectra, resonance light scattering (RLS) spectra, steady-state emission spectra and time-resolved emission decay profiles of *m*PPE-Ala with different concentrations of **1** in aqueous buffer solutions are shown in Fig. S1--S4 in the ESI[†](#fn1){ref-type="fn"} respectively. Upon addition of **1** to an aqueous buffer solution of *m*PPE-Ala, the electronic absorption spectra of *m*PPE-Ala showed a red shift in the absorption band centered at 361 nm to 364 nm, along with the emergence of an intense high-energy absorption band at *ca.* 287 nm and less intense absorption tails at *ca.* 420--570 nm (Fig. S1[†](#fn1){ref-type="fn"}). In addition, an enhancement in the intensity of RLS maxima at *ca.* 452 and 550 nm was found with increasing concentration of **1** (Fig. S2[†](#fn1){ref-type="fn"}), which corresponds to the electronic absorption of *m*PPE-Ala and aggregated forms of **1** respectively. Concomitant with the remarkable spectral changes in the UV-vis absorption spectra, a progressive decline in the emission intensity of *m*PPE-Ala at *ca.* 461 nm and a significant growth of emission intensity at *ca.* 662 nm were observed upon the addition of **1** (Fig. S3a[†](#fn1){ref-type="fn"}).[@cit32] Similar spectral changes have been reported in the related studies of *m*PPE-Ala with **1** in aqueous buffer solution of low Na^+^ ion content.[@cit19] These suggest the lower-energy emission to be assigned as originated from an excited state of ^3^MMLCT ^3^\[d~σ\*~(Pt) → π\*(bzimpy)\] character, indicative of the formation of polymer--metal complex aggregates through electrostatic, Pt···Pt and π--π stacking interactions.

Stern--Volmer (SV) equation has been employed for the analysis of the quenching of *m*PPE-Ala fluorescence by **1** (Fig. S3b[†](#fn1){ref-type="fn"}) and the Stern--Volmer quenching constants (*K*~SV~) obtained from the steady-state emission spectra at different concentrations of **1** are tabulated in Table S1.[†](#fn1){ref-type="fn"} It was found that the fluorescence quenching of *m*PPE-Ala was more efficient at high concentrations of **1**, *i.e.*, \>5 μM, as shown from the upward deviation of the SV plot from linearity. The origin of this effective quenching of *m*PPE-Ala emission by **1** was investigated by time-resolved emission spectroscopic studies (Fig. S4 and Table S1[†](#fn1){ref-type="fn"}). The lifetimes of the emission of *m*PPE-Ala at *λ* = 461 nm in the absence of **1** were triexponential, consisting of a longer-lived component (*τ*~1~ = 9.07 ns) and two short-lived components (*τ*~2~ = 2.10 ns and *τ*~3~ = 0.71 ns). Upon the addition of **1**, increases in emission lifetime and amplitude of the long-lived component *τ*~1~ were found, while the short-lived component *τ*~3~ showed obvious decreases in its amplitude and emission lifetime (from 0.71 ns to 0.19 ns). The obvious decline in *τ*~3~, together with the formation of polymer--metal complex aggregates as indicated by the spectroscopic studies (Fig. S1--S3[†](#fn1){ref-type="fn"}), suggest the interchain exciton diffusion of *m*PPE-Ala and an efficient FRET from *m*PPE-Ala to the metal complex aggregates. The latter was further supported by the good spectral overlap between the electronic absorption spectrum of the aggregated forms of **1** and the emission spectrum of *m*PPE-Ala (Fig. S5[†](#fn1){ref-type="fn"}). The efficient FRET process, which furnished an additional quenching pathway on top of the ground state static quenching found in the ensemble at low concentrations of **1**, would account for the increased *K*~SV~ value, the drop in ^1^\[π → π\*\] fluorescence of *m*PPE-Ala and the growth of ^3^MMLCT emission at *ca.* 662 nm of **1** in the steady-state emission spectra (Fig. S3[†](#fn1){ref-type="fn"}).

It is worthwhile to note that a relatively large *K*~SV~ value was found for the ensemble at low concentrations of **1** (\<5 μM; Table S1[†](#fn1){ref-type="fn"}) when compared to that in the previous studies on CPEs and alkynylplatinum([ii]{.smallcaps}) terpyridine complexes.[@cit10] As the fluorescence quenching at low concentrations of **1** is mainly attributed to the ground-state static quenching, a large *K*~SV~ value indicates a large association constant of **1** with *m*PPE-Ala,[@cit14] and hence stronger interactions between *m*PPE-Ala and **1** are anticipated.

Luminescence properties of two-component *m*PPE-Ala--1 ensemble in the presence of biomolecules
-----------------------------------------------------------------------------------------------

The strong interactions between *m*PPE-Ala and **1** are believed to be capable of minimizing the interferences from non-specific interactions. Therefore, such attractive feature would be advantageous for achieving highly selective detection of biomolecules based on the self-assembly/disassembly processes of the ensemble. This has prompted us to investigate the changes in the luminescence properties of the two-component *m*PPE-Ala--**1** ensemble towards various biological substrates in aqueous buffer solution ([Fig. 1](#fig1){ref-type="fig"}). Among the fifteen substrates tested, only *c-myc* resulted in significant changes in the emission intensity of the ensemble at 662 nm. Pre-formed double-stranded DNAs (dsDNAs; poly(dA)~25~--poly(dT)~25~ and poly(dG)~25~--poly(dC)~25~), which should exhibit stronger electrostatic and/or π--π stacking interactions with the ensemble than *c-myc*, were found to show negligible effect on the emission of the ensemble at 662 nm.

![(a) Relative emission intensity of *m*PPE-Ala and **1** at 662 nm and (b) ratiometric emission of *m*PPE-Ala and **1** at 461 and 662 nm, respectively, in the presence of different substrates in aqueous buffer solution (5 mM Tris--HCl, 50 mM KCl, pH 7.4). Substrates tested: N: no substrate added, MY: 5 μM *c-myc*, H: 5 μM HSA, A: 5 μM poly(dA)~25~, T: 5 μM poly(dT)~25~, C: 5 μM poly(dC)~25~, S: 500 μM spermine, TR: 5 μM trypsin, L: 5 μM lysozyme, PY: 5 μM poly(tyrosine), Gu: 500 μM guanine, B: 5 μM BSA, PK: 5 μM poly([l]{.smallcaps}-lysine hydrobromide), CS: 5 μM chondroitin 4-sulphate, AT: pre-formed duplex DNA with 5 μM poly(dA)~25~ and 5 μM poly(dT)~25~, GC: pre-formed duplex DNA with 5 μM poly(dG)~25~ and 5 μM poly(dC)~25~. Concentrations of *m*PPE-Ala and **1** were 50 μM and 20 μM respectively. Excitation was at 299 nm.](c5sc04563k-f1){#fig1}

A more detailed spectroscopic study of the two-component ensemble with the G-quadruplex structure of *c-myc* in aqueous buffer solution was performed. The electronic absorption spectra of the ensemble showed a drop in the absorption at *ca.* 295, 330, 432 and 525 nm with increasing concentration of *c-myc* (Fig. S6[†](#fn1){ref-type="fn"}). On the other hand, the ensemble showed significant changes in the emission spectrum upon the addition of *c-myc* ([Fig. 2](#fig2){ref-type="fig"}). A drop in the emission intensity at 662 nm with a concomitant growth of the emission at both 461 and 568 nm was observed. Based on the drop of the MMLCT absorption at 525 nm and the decrease in ^3^MMLCT emission intensity of aggregated **1**, the deaggregation of the ensemble occurred in the presence of *c-myc*, resulting in a smaller spectral overlap (Fig. S5[†](#fn1){ref-type="fn"}) and decrease in FRET efficiency. Therefore, the recovery of *m*PPE-Ala fluorescence at 461 nm was observed. The growth of the emission at 568 nm with increasing concentration of *c-myc* was likely ascribed to the emission of the non-aggregated **1** upon the deaggregation of the ensemble ([Scheme 2](#sch2){ref-type="fig"}).[@cit19]

![(a) Emission spectral changes of *m*PPE-Ala and **1** with increasing concentration of *c-myc* in aqueous buffer solution (5 mM Tris--HCl, 50 mM KCl, pH 7.4). Relative emission intensity of *m*PPE-Ala and **1** at (b) 461 nm and (c) 662 nm with increasing concentration of *c-myc*. Inset: plot of relative emission intensity of *m*PPE-Ala and **1** at (c) 662 nm with increasing concentration of *c-myc* in the low concentration range. Concentrations of *m*PPE-Ala and **1** were 50 μM and 20 μM respectively. Excitation was at 299 nm.](c5sc04563k-f2){#fig2}

![Schematic drawing of selective label-free detection of G-quadruplex structure of *c-myc* with intramolecular propeller parallel folding topology by emission spectral changes under physiological conditions through the FRET of two-component *m*PPE-Ala--**1** ensemble with Pt···Pt, electrostatic and π--π interactions.](c5sc04563k-s2){#sch2}

Specific binding and stabilization of G-quadruplex structure of *c-myc* by alkynylplatinum([ii]{.smallcaps}) bzimpy complex
---------------------------------------------------------------------------------------------------------------------------

The unique emission spectral changes of the two-component *m*PPE-Ala--**1** ensemble with *c-myc* suggest the presence of strong and specific interactions between the ensemble and *c-myc*. In order to gain more insights into these specific interactions, the conformation of *c-myc* in aqueous buffer solution was investigated by circular dichroism (CD) measurement (Fig. S7[†](#fn1){ref-type="fn"}). The CD spectrum displayed a positive peak at *ca.* 263 nm followed by a negative peak at *ca.* 243 nm, which are characteristic of intramolecular propeller parallel folding topology of G-quadruplex DNAs,[@cit33] suggesting the formation of G-quadruplex structure of *c-myc* in aqueous buffer solution.

The interactions between **1** and the G-quadruplex structure of *c-myc* were investigated by UV-vis spectroscopic study using the Scatchard equation[@cit34] (Fig. S8[†](#fn1){ref-type="fn"}) and the UV melting study[@cit28a],[@cit34b] (Fig. S9 and S10[†](#fn1){ref-type="fn"}). The addition of *c-myc* to an aqueous buffer solution of **1** led to a 14% and 18% of hypochromism at 285 and 327 nm respectively in the UV-vis absorption spectrum without significant bathochromic shift (Fig. S9[†](#fn1){ref-type="fn"}). The hypochromic phenomenon is attributed to the strong electronic interactions between the platinum([ii]{.smallcaps}) complex and DNA nucleobases. The binding constant of **1** on the G-quadruplex structure of *c-myc* in the absence of *m*PPE-Ala is 8.46 × 10^7^ M^--1^, as determined from the Scatchard equation (Fig. S8[†](#fn1){ref-type="fn"}). These, together with the fact that pre-formed duplex DNAs did not show significant effect on the emission intensity of the ensemble at 662 nm ([Fig. 1](#fig1){ref-type="fig"}), suggest that the specific interactions between the ensemble and *c-myc* should not be only ascribed to the guanine-rich (G-rich) sequence that is similar to the reported binding of cisplatin to DNAs.[@cit35] Instead, more unique interactions should be associated with the ensemble and the G-quadruplex structure of *c-myc* in aqueous buffer solutions.

The binding of **1** to the G-quadruplex structure of *c-myc* was further evaluated by the changes in the G-quadruplex melting temperature (*T*~m~). The UV melting study of *c-myc* in aqueous buffer solution revealed a significant increase in *T*~m~ in the presence of **1** (\>96 °C) when compared to the *T*~m~ without **1** (91 °C) (Fig. S9 and S10 and Table S2[†](#fn1){ref-type="fn"}). This indicates the strong binding as well as the stabilization of the G-quadruplex structure of *c-myc* by **1**, which is consistent with the high binding affinity determined by the Scatchard equation (Fig. S8[†](#fn1){ref-type="fn"}). Together with the fact that a number of square-planar platinum([ii]{.smallcaps}) complexes have been reported to bind to G-tetrad as well as the loop adenines of the G-quadruplex DNAs through electrostatic and π--π interactions with high specificity and binding affinity over pre-formed duplex DNAs,[@cit29],[@cit30b] the cationic **1** should interact strongly with the intramolecular propeller parallel G-quadruplex folding topology of *c-myc*. Owing to such strong and specific interactions between **1** and *c-myc*, the *m*PPE-Ala--**1** ensemble would undergo deaggregation in the presence of *c-myc* ([Scheme 2](#sch2){ref-type="fig"}).

Label-free detection of G-quadruplex structure of *c-myc* by emission spectral changes in the visible region
------------------------------------------------------------------------------------------------------------

The deaggregation of two-component *m*PPE-Ala--**1** ensemble and hence the decrease in FRET efficiency only in the presence of *c-myc* has led to remarkable emission spectral changes at two distinguishable wavelengths, 461 and 662 nm ([Fig. 2](#fig2){ref-type="fig"}). Such two well distinguishable emissions allow the detection of *c-myc* by ratiometric emissions of the ensemble at 461 and 662 nm, *I*~461~/*I*~662~ ([Fig. 1b](#fig1){ref-type="fig"}). This provides an internal *in situ* self-calibration for minimizing inherent interferences, such as light scattering of the sample and fluctuations in excitation source power,[@cit36] which are usually inevitable in single-intensity-based measurements. The detection limit[@cit37] of *c-myc* was found to be 16.7 nM, suggesting the high sensitivity of the ensemble for label-free detection of *c-myc* in aqueous buffer solutions.

Competition experiments on the detection of the G-quadruplex structure of *c-myc* by the ensemble in the presence of various biological substrates have also been performed ([Fig. 3](#fig3){ref-type="fig"}). Only small discrepancies in the emission intensity at 662 nm were found when compared to the case without interfering biological substrates. Interestingly, further addition of the complementary sequence of *c-myc* (*c-myc-c*) to the solution of the ensemble and *c-myc* did not give any observable emission spectral changes (Fig. S11[†](#fn1){ref-type="fn"}). This indicates that the ensemble exhibits a high binding affinity and selectivity towards the G-quadruplex structure of *c-myc* in aqueous buffer solution, by which *c-myc-c* could not interrupt the strong and specific interactions between the ensemble and the G-quadruplex structure of *c-myc*. All these features suggest that the ensemble should be a potential candidate for selective and sensitive detection of G-quadruplex DNAs with intramolecular propeller parallel folding topology such as *c-myc* in aqueous buffer solutions.

![Competitive experiments of *m*PPE-Ala and **1** with *c-myc* in the presence of different substrates in aqueous buffer solution (5 mM Tris--HCl, 50 mM KCl, pH 7.4). Substrates tested: N: no substrate added, MY: 5 μM *c-myc*, MA: 5 μM *c-myc* + 5 μM poly(dA)~25~, MT: 5 μM *c-myc* + 5 μM poly(dT)~25~, MC: 5 μM *c-myc* + 5 μM poly(dC)~25~, MAT: 5 μM *c-myc* + pre-formed duplex DNA with 5 μM poly(dA)~25~ and 5 μM poly(dT)~25~, MGC: 5 μM *c-myc* + pre-formed duplex DNA with 5 μM poly(dG)~25~ and 5 μM poly(dC)~25~, MBC: 5 μM *c-myc* + 5 μM *bcl-2*, MCK: 5 μM *c-myc* + 5 μM *c-kit1*, MHT: 5 μM *c-myc* + 5 μM human telomeric DNA, MH: 5 μM *c-myc* + 5 μM HSA, MTR: 5 μM *c-myc* + 5 μM trypsin, ML: 5 μM *c-myc* + 5 μM lysozyme. Concentrations of *m*PPE-Ala and **1** were 50 μM and 20 μM respectively. Excitation was at 299 nm.](c5sc04563k-f3){#fig3}

The selectivity in the detection of intramolecular propeller parallel G-quadruplex folding topology of *c-myc* by emission spectral changes of the ensemble has been further investigated using DNAs with duplex structures. In contrast to the significant emission spectral changes of the ensemble in the presence of intramolecular propeller parallel G-quadruplex folding topology of *c-myc*, pre-formed duplex structures of *c-myc* or human telomeric DNA with their respective complementary sequences, were found to show less significant effect on the emission properties of the ensemble (Fig. S12 and S13[†](#fn1){ref-type="fn"}). This confirms the high selectivity of the ensemble towards G-quadruplex DNAs over duplex DNAs.

The ability of the ensemble in differentiating intramolecular propeller parallel G-quadruplex folding topology of *c-myc* from other G-quadruplex folding topologies has also been studied. *B-Cell lymphoma 2* (*bcl-2*), *c-kit1* and human telomeric DNA have been known to exist as hybrid,[@cit38a],[@cit38b] snap-back parallel,[@cit38a],[@cit38c] and mixed-hybrid[@cit29],[@cit38a],[@cit38d],[@cit38e] folding topologies of the G-quadruplex structures, respectively, in aqueous buffer solutions. The emission spectra of the ensemble in the presence of these G-quadruplex DNAs are shown in Fig. S14--S16[†](#fn1){ref-type="fn"}. With increasing concentrations of these DNAs, the ensemble was found to show a decrease in emission intensity at 662 nm and a growth of emission at 461 nm, but the changes were smaller in extent than those found in the case of *c-myc*. These, together with the smaller increase in *T*~m~ of these G-quadruplex DNAs by **1** (Table S2[†](#fn1){ref-type="fn"}), suggest the weaker interactions between **1** and *bcl-2*, *c-kit1* or human telomeric DNA. Such weaker interactions could be rationalized by the difference in steric hindrance caused by the different loop structures and terminal nucleotides of the G-quadruplex-forming sequences.[@cit38a] For example, the snap-back parallel folding topology adopted by the G-quadruplex structure of *c-kit1*,[@cit38a],[@cit38c] unlike the conventional intramolecular propeller parallel folding topology adopted by the G-quadruplex structure of *c-myc*,[@cit38a],[@cit38f],[@cit39] would prevent the cationic platinum([ii]{.smallcaps}) complexes from end-stacking onto the bottom G-quartet of the G-quadruplex,[@cit38a] thus weakening the binding of the G-quadruplex structure of *c-kit1* with **1**. As a result, the ensemble would undergo less significant deaggregation in the presence of these G-quadruplex DNAs, and hence smaller emission spectral changes were observed as compared to the study of the ensemble with *c-myc*. This feature would allow the successful differentiation of *c-myc* from other G-quadruplex DNAs by the ratiometric monitoring of *I*~461~/*I*~662~ ([Fig. 4](#fig4){ref-type="fig"}), with interference of less than 22% at 25 μM of the DNAs. The self-calibrating peculiarity brought about by such ratiometric measurement further suggests the potential application of the ensemble for sensitive and selective detection of G-quadruplex DNAs with intramolecular propeller parallel folding topology.

![Ratiometric emission of *m*PPE-Ala and **1** at 461 and 662 nm in aqueous buffer solution (5 mM Tris--HCl, 50 mM KCl, pH 7.4) with different concentrations of *c-myc* (![](c5sc04563k-u1.jpg){#ugr1}), human telomeric DNA (![](c5sc04563k-u2.jpg){#ugr2}), *bcl-2* (![](c5sc04563k-u3.jpg){#ugr3}) and *c-kit1* (![](c5sc04563k-u4.jpg){#ugr4}), respectively. Concentrations of *m*PPE-Ala and **1** were 50 μM and 20 μM respectively. Excitation was at 299 nm.](c5sc04563k-f4){#fig4}

It is noteworthy that the ensemble would not result in significant unwinding of the duplex structure of *c-myc* and its complementary sequence, which has been found in some of the reported G-quadruplex-binding ligands,[@cit40] as supported by the CD measurements of the duplex DNA with increasing concentration of **1** (Fig. S17[†](#fn1){ref-type="fn"}). This would be a pre-eminent advantage for the ensemble to be a luminescence probe for the G-quadruplex structure of *c-myc* because the ensemble is side reaction-free from the pre-formed duplex counterpart of the target substrate. On the other hand, although **1** showed strong and specific binding onto the intramolecular propeller parallel G-quadruplex folding topology of *c-myc per se*, it would not be a suitable luminescence probe for the detection of this DNA structure because of its complicated emission spectral changes upon the addition of *c-myc* (Fig. S18[†](#fn1){ref-type="fn"}).[@cit41] The working range of **1** alone as the luminescence probe for *c-myc* is small, while that of the ensemble is found to be much larger due to the fact that the luminescence properties of the ensemble are governed by both the self-assembly/disassembly processes and FRET from *m*PPE-Ala to **1**. As a result, the ensemble can demonstrate a "proof-of-principle" concept for the luminescence detection of intramolecular propeller parallel G-quadruplex folding topology of *c-myc* with superior selectivity and sensitivity.

Probing the conformational and topological transitions of G-quadruplex DNAs by the two-component *m*PPE-Ala--1 ensemble
-----------------------------------------------------------------------------------------------------------------------

With the excellent selectivity and sensitivity towards the intramolecular propeller parallel G-quadruplex folding topology of *c-myc*, it is envisaged that the two-component *m*PPE-Ala--**1** ensemble could be utilized for probing the conformational and topological changes of G-quadruplex DNAs, which should give important information for the studies of aging, cancer, HIV and other diseases.[@cit26] Small-molecule crowding reagents, such as polyethylene glycol (PEG) with a molecular weight of 200 (PEG-200), are commonly used for mimicking the macromolecular crowded intracellular environment. G-Quadruplex DNAs have been reported to exhibit very different folding topologies in the presence of PEG-200 due to the different thermodynamic and kinetic properties of the nucleic acids. Therefore, the emission properties of the ensemble and *c-myc* in aqueous buffer solution with different volume percentages of PEG-200 (0, 36 and 40% respectively, v/v) have been examined. The ensemble showed a significant drop in emission intensity at 662 nm with a concomitant growth of the emission at 461 nm ([Fig. 5a](#fig5){ref-type="fig"}, S19 and S20[†](#fn1){ref-type="fn"}), and the changes were found to be to a larger extent with higher volume percentages of PEG-200 ([Fig. 5b](#fig5){ref-type="fig"}). Since PEG-200 of up to 40% (v/v) only exerted small effects on the emission properties of the ensemble (Fig. S21[†](#fn1){ref-type="fn"}),[@cit42] the drastic emission changes of the ensemble and *c-myc* in the presence of PEG-200 suggest the possible conformational and topological changes of *c-myc*.

![(a) Emission spectral changes of *m*PPE-Ala and **1** with increasing concentration of *c-myc* in the range of 0 to 25 μM in aqueous buffer solution (5 mM Tris--HCl, 50 mM KCl, pH 7.4) in the presence of 40% (v/v) PEG-200. (b) Ratiometric emission of *m*PPE-Ala and **1** at 461 and 662 nm in aqueous buffer solution with different concentrations of *c-myc* in the presence of 0% (v/v) (![](c5sc04563k-u5.jpg){#ugr5}), 36% (v/v) (![](c5sc04563k-u6.jpg){#ugr6}) and 40% (v/v) (![](c5sc04563k-u7.jpg){#ugr7}) PEG-200. Concentrations of *m*PPE-Ala and **1** were 50 μM and 20 μM respectively. Excitation was at 299 nm.](c5sc04563k-f5){#fig5}

To rationalize the emission spectral changes of the ensemble, the conformation of *c-myc* in aqueous buffer solution in the presence of 40% (v/v) PEG-200 was studied by CD spectroscopy at room temperature (Fig. S22[†](#fn1){ref-type="fn"}). In the absence of PEG-200, the CD spectrum displayed a positive peak at *ca.* 263 nm and a negative peak at *ca.* 242 nm, which are characteristic of intramolecular propeller parallel G-quadruplexes.[@cit33] On the other hand, once *c-myc* was incubated at 37 °C in the presence of 40% (v/v) PEG-200, the positive band was found to increase in magnitude and red-shifted. With reference to the reported studies on G-quadruplex DNAs,[@cit43] incubation of *c-myc* at 37 °C for a few hours in the presence of 40% (v/v) of PEG-200 would result in the formation of high-order G-quadruplex topologies *via* the stacking of the G-tetrads into an axial extension of repeated G-quadruplex superstructures, which are commonly known as multimeric G-quadruplexes or G-wires.[@cit23b],[@cit23c],[@cit24c],[@cit43b],[@cit43c] Therefore, the CD spectral changes of *c-myc* in the presence of PEG-200 were likely attributed to the formation of high-order intermolecular multimeric species of intramolecular propeller parallel G-quadruplexes of *c-myc*.

Based on the findings on the conformational and topological changes of *c-myc* from the CD spectroscopic study, the emission spectral changes of the ensemble with different concentrations of *c-myc* in the presence of different volume percentages of PEG-200 ([Fig. 5a](#fig5){ref-type="fig"}, S19 and S20[†](#fn1){ref-type="fn"}) may be construed as follows. According to the study of the ensemble with the G-quadruplex structure of *c-myc* aforementioned, the emission spectral changes at 662 nm would likely be attributed to the deaggregation of the polymer--metal complex aggregates with Pt···Pt, electrostatic and π--π stacking interactions because of the strong and specific interactions of **1** with the G-quadruplex structure of *c-myc*. This would lead to the decrease in FRET from the *m*PPE-Ala donor to the aggregated **1** moieties. Upon an increase in volume percentages of PEG-200, the G-quadruplex of *c-myc* converted itself from unimolecular form to high-order intermolecular multimeric form *via* the stacking of the G-tetrads into an axial extension of repeated G-quadruplex superstructures.[@cit23b],[@cit23c],[@cit24c],[@cit43b],[@cit43c] The higher space charge density of the high-order intermolecular multimeric G-quadruplex would then allow stronger electrostatic interactions with the cationic **1** moieties, which favored a more effective and efficient deaggregation of the ensemble. The deaggregation of the ensemble would lead to a decrease in FRET, resulting in the recovery of *m*PPE-Ala fluorescence which accounts for the growth of emission at 461 nm ([Scheme 3](#sch3){ref-type="fig"}). With higher volume percentage of PEG-200, more high-order intermolecular multimeric G-quadruplexes of *c-myc* would be formed in the solution as revealed from the increase in CD signal,[@cit43a] leading to more significant emission spectral changes of the ensemble and *c-myc* in the presence of 40% (v/v) PEG-200, as compared to the case of 36% (v/v) PEG-200 ([Fig. 5b](#fig5){ref-type="fig"}). From the ratiometric emission of the ensemble at 461 and 662 nm, *I*~461~/*I*~662~, sensitive detection of multimeric G-quadruplexes of *c-myc* can be achieved with less than 12.6% interference from the unimolecular form of the intramolecular propeller parallel G-quadruplex folding topology of *c-myc* ([Fig. 5b](#fig5){ref-type="fig"}). As a result, the ratiometric emission of the ensemble could be a more desirable alternative to CD spectroscopy for providing structural information of the G-quadruplex DNAs, as the latter was found to show only small differences in the CD spectra of the unimolecular form and high-order intermolecular multimeric form of G-quadruplex DNAs.

![Schematic drawing of the monitoring of conformational and topological transitions of (top) *c-myc* from the intramolecular propeller parallel folding topology in the unimolecular form to the parallel folding topology in the high-order intermolecular multimeric form, and (bottom) human telomeric DNA from the mixed-hybrid folding topology to the intramolecular propeller parallel folding topology, by emission spectral changes under molecular crowding conditions through the FRET of the two-component *m*PPE-Ala--**1** ensemble with Pt···Pt, electrostatic and π--π interactions.](c5sc04563k-s3){#sch3}

In addition to the formation of high-order structures, G-quadruplex DNAs can adopt different folding topologies under different conditions. For example, as water interactions play an important role in the structural stability and dynamics of nucleic acids,[@cit23b],[@cit23c],[@cit24] the G-quadruplex structure of human telomeric DNA has been reported to undergo a conformational and topological transition from mixed-hybrid form to intramolecular propeller parallel form in the presence of PEG-200.[@cit24c] CD spectroscopic study of the pre-formed mixed-hybrid G-quadruplex structure of human telomeric DNA with different volume percentages of PEG-200 showed similar findings as the previous studies on human telomeric DNA in different buffer solutions ([Fig. 6](#fig6){ref-type="fig"}).[@cit24c] In the absence of PEG-200, the CD spectrum of G-quadruplex structure of human telomeric DNA showed a small negative peak at *ca.* 239 nm and a positive peak at *ca.* 290 nm with a shoulder at 268 nm, indicating the mixed-hybrid folding topology of G-quadruplex DNA.[@cit33] With increasing volume percentage of PEG-200, an emergence of a positive peak at 266 nm and a diminution of the peak at 290 nm were found. Further increase in volume percentage of PEG-200 to 40% (v/v) resulted in a spectrum similar to those of intramolecular propeller parallel G-quadruplexes DNAs.[@cit33] This suggests that a conformational and topological change of the G-quadruplex structure of human telomeric DNA from mixed-hybrid folding topology to intramolecular propeller parallel folding topology with increasing volume percentage of PEG-200 has occurred.

![CD spectra of human telomeric DNA in aqueous buffer solution (5 mM Tris--HCl, 50 mM KCl, pH 7.4) in the absence (red) and in the presence of 20% (v/v) (blue), 30% (v/v) (dark cyan), 33% (v/v) (magenta), 36% (v/v) (dark yellow) and 40% (v/v) (navy) PEG-200. Concentration of human telomeric DNA was 5 μM. The black line represents the signal of aqueous buffer solution.](c5sc04563k-f6){#fig6}

With the excellent selectivity and sensitivity of the ensemble for the luminescence detection of intramolecular propeller parallel G-quadruplex DNAs, attempts have been made to monitor the conformational and topological changes of human telomeric DNA in the presence of different volume percentages of PEG-200 by the ensemble. In the absence of PEG-200, the ensemble showed a decrease in emission intensity at 662 nm, with only infinitesimal changes in emission at 461 nm (Fig. S16[†](#fn1){ref-type="fn"}). Interestingly, an increase in volume percentage of PEG-200 resulted in a more significant decrease in emission intensity at 662 nm, with a concomitant growth of the emission at 461 nm ([Fig. 7a and b](#fig7){ref-type="fig"}). This led to a larger value of *I*~461~/*I*~662~ of the ensemble towards human telomeric DNA in the presence of PEG-200, as compared to the case without PEG-200 ([Fig. 7c](#fig7){ref-type="fig"}). The small emission spectral changes of the ensemble towards human telomeric DNA in the absence of PEG-200 were attributed to the relatively weak interactions between **1** and the mixed-hybrid G-quadruplex folding topology of human telomeric DNA (Fig. S16[†](#fn1){ref-type="fn"}), as supported by the smaller change in *T*~m~ (Table S2[†](#fn1){ref-type="fn"}). On the other hand, with an increasing volume percentage of PEG-200, human telomeric DNA was found to show a change in conformation and folding topology from mixed-hybrid folding topology to intramolecular propeller parallel folding topology ([Fig. 6](#fig6){ref-type="fig"}). With the strong interactions between **1** and intramolecular propeller parallel G-quadruplex DNAs, the ensemble would undergo deaggregation, leading to a decrease in FRET efficiency. As a result, a significant decrease in ^3^MMLCT emission of **1** at 662 nm and a growth of *m*PPE-Ala fluorescence at 461 nm were observed in the presence of human telomeric DNA and PEG-200 ([Scheme 3](#sch3){ref-type="fig"} and [Fig. 7](#fig7){ref-type="fig"}, S23 and S24[†](#fn1){ref-type="fn"}). Notably, the decrease in emission intensity at 662 nm, which is likely due to the deaggregation of the polymer--metal complex aggregates with Pt···Pt, electrostatic and π--π stacking interactions through the interactions with the G-quadruplex structure of human telomeric DNA in the presence of 40% (v/v) PEG-200, is comparable to that obtained from the G-quadruplex structure of *c-myc* in the absence of PEG-200 ([Fig. 2](#fig2){ref-type="fig"}). This further supports the high selectivity of the ensemble in the detection of the intramolecular propeller parallel folding topology of G-quadruplex DNAs.

![Emission spectral changes of *m*PPE-Ala and **1** with increasing concentration of human telomeric DNA in the range of 0 to 25 μM in aqueous buffer solution (5 mM Tris--HCl, 50 mM KCl, pH 7.4) in the presence of (a) 36% (v/v) and (b) 40% (v/v) PEG-200. (c) Ratiometric emission of *m*PPE-Ala and **1** at 461 and 662 nm in aqueous buffer solution with different concentrations of human telomeric DNA in the range of 0 to 25 μM in the presence of 0% (v/v) (![](c5sc04563k-u8.jpg){#ugr8}), 36% (v/v) (![](c5sc04563k-u9.jpg){#ugr9}) and 40% (v/v) (![](c5sc04563k-u10.jpg){#ugr10}) PEG-200. Concentrations of *m*PPE-Ala and **1** were 50 μM and 20 μM respectively. Excitation was at 299 nm.](c5sc04563k-f7){#fig7}

The ratiometric emission of the ensemble was found to show good differentiation of the mixed-hybrid form from the intramolecular propeller parallel form of human telomeric DNA, with a 7.7-fold difference at 25 μM of DNA. In view of the fact that CD spectroscopy alone could not define the structural properties of G-quadruplex DNAs unambiguously, the ratiometric emission of the ensemble could be a valuable tool for providing more information on the conformations and folding topologies of G-quadruplex DNAs, and even the real-time monitoring of conformational and topological transitions of the G-quadruplex by luminescence spectroscopy.

Conclusions
===========

In the present study, a water-soluble cationic alkynylplatinum([ii]{.smallcaps}) bzimpy complex **1** has been shown to assemble onto *m*PPE-Ala through Pt···Pt, electrostatic and π--π stacking interactions, leading to the formation of polymer--metal complex aggregates of large *K*~SV~ value and efficient FRET with a growth of ^3^MMLCT emission. The two-component *m*PPE-Ala--**1** ensemble has been demonstrated to show a high selectivity towards the detection of G-quadruplex structure of *c-myc* in aqueous buffer solutions. The high selectivity has been rationalized by the strong and specific interactions between the cationic square-planar platinum([ii]{.smallcaps}) complex and the intramolecular propeller parallel G-quadruplex folding topology of *c-myc* as supported by the high binding affinity determined by the Scatchard equation and UV melting study. This results in the deaggregation of the ensemble only in the presence of *c-myc*, leading to the decrease in FRET efficiency and obvious emission spectral changes. Together with the high sensitivity as indicated by the low detection limit (16.7 nM) and the self-calibrating feature brought about by the ratiometric emissions, these have allowed the ensemble to serve as an attractive candidate in demonstrating a "proof-of-principle" concept for label-free detection of G-quadruplex structure of *c-myc* with high sensitivity and selectivity. The ratiometric emission of the ensemble at 461 and 662 nm has been further utilized to differentiate the G-quadruplex structure of *c-myc* from the structures of other DNAs. The success in the differentiation has been explained by the specificity of **1** towards G-quadruplex DNAs with the intramolecular propeller parallel folding topology.

Furthermore, the ensemble can monitor the conformational and topological transitions of *c-myc* from the intramolecular propeller parallel folding topology to the high-order intermolecular multimeric species, due to the higher space charge density of the multimeric G-quadruplexes which should exert stronger interactions on **1** and hence favor the deaggregation of the *m*PPE-Ala--**1** ensemble. In addition, with the excellent selectivity and sensitivity of the ensemble towards G-quadruplex DNAs with intramolecular propeller parallel folding topology, the conformational and topological transition of mixed-hybrid form of human telomeric DNA to intramolecular propeller parallel form can be probed by the ratiometric emission of the ensemble. In view of the difficulties of CD spectroscopy alone for unambiguous structural determination of G-quadruplex DNAs, the ensemble reported herein can help to identify the intramolecular propeller parallel folding topology and the high-order intermolecular multimeric species by the changes in its luminescence properties. Also, the present work should open up a new avenue for the design and construction of highly selective and sensitive luminescence probes and initiate further studies on the real-time monitoring of the dynamic folding processes of DNAs by luminescence probes.
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